Normal human epidermal keratinocytes (NHEK) respond to the autocrine activated extracellular signal-regulated kinase (ERK) signaling pathway, which contributes to the survival of keratinocytes. However, during the condition of calcium-induced differentiation, how the autocrine ERK signaling is regulated and affected is poorly understood. The purpose of this study was to understand and to obtain clues to the possible function of the autocrine ERK activation during the calcium-induced differentiation of NHEK. We demonstrated that the autocrine activated ERK was not interrupted by calcium triggering and that it was sustained for at least one day after changing the medium. We also found that the autocrine ERK activation was associated with the expression of cyclin D1 and the cell cycle regulation at the early stage of calcium triggering by treating the cells with the mitogen-activated protein kinase inhibitor PD98059. However, the PD98059 treatment did not have a significant influence on the expression of involucrin and loricrin. In addition, we demonstrated that autocrine ERK activation was associated with protein kinase C and p38MAPK signaling. We suggest that the activation of autocrine ERK is not interrupted by calcium triggering and it might participate in cell growth during the early stage of calcium-induced differentiation in NHEK.
INTRODUCTION
The epidermis is a stratified, squamous epithelium that mostly consists of keratinocytes. Proliferating keratinocytes in the basal layer of the epidermis are stratified into the cornified cell envelope via a complex differentiation program. Keratinocytes are one of the best biological systems for studying cell differentiation. Calcium has been known to be a major factor for triggering the differentiation of cultured keratinocytes. The balance between the proliferation of the mitotically active keratinocytes in the basal layer and the differentiation of cells in the suprabasal layers is important to maintain the homeostasis of the epidermis (1) (2) (3) . When this balance is disturbed, the abnormalities that follow may cause tumorigenesis or other disease states. Thus, understanding the intracellular signaling pathways that are associated with the maintenance of this balance has been the goal for many researchers.
Extracellular signal-regulated kinase (ERK) is a member of the well-characterized mitogen-activated protein kinase (MAPK) family, and it is involved in the regulation of cell proliferation and differentiation. ERK is activated by multiple extracellular stimuli, including growth factors and phorbol esters; it induces a variety of signaling molecules that trigger activation of the factors involved in cell proliferation. In addition, the ERK signaling has also been shown to be involved in the differentiation pathways. In erythroid cells, annexin 1 regulates the erythroid differentiation through the ERK signaling pathway (4) . For PC12 cells, ERK activation determines cell differentiation by a sustained activation response to nerve growth factor (NGF) as well as phosphatidylinositol 3 kinase (PI3K) signaling (5, 6) . Therefore, other signaling molecules, in addition to ERK, are involved in the early stage of cell differentiation (7) .
Keratinocytes secrete cytokines, chemokines, and growth factors that are responsible for the self-proliferation and immune response of the skin (8, 9) . Autocrine signaling molecules secreted in the keratinocytes include tumor growth factor (TGF)-, heparin-binding epidermal growth factor (EGF)-like growth factor, amphiregulin, and epiregulin (10) (11) (12) (13) . These molecules have been shown to transduce signals through the ErbB and ERK signaling pathways. When growth factor deprivation occurs, keratinocytes release amphiregulin as a ligand to the ErbB1 receptor, and this thereby activates ERK signaling for basal proliferation (14, 15) . This autocrine ERK activation is one of the reasons for cell survival and migration during starvation (16) . Constitutive activation of MAPK increased the growth rate of human keratinocytes and delayed the onset of terminal differentiation (17) . In addition, MAPK cooperates to maintain the epidermal stem cell compartment in vitro (18) . Previous reports have shown that the autocrine ERK activation via epidermal growth factor receptor (EGFR) is important for the proliferation and survival of cells (19, 20) . Although MAPK signaling generally has specific functions in a variety of cell types, it is considered necessary to have a sustained ERK activity for cell proliferation during the regulation of the cell cycle (21) . Many researchers have examined the function of ERK in keratinocytes in association with exogenous stimuli such as UV radiation, wound healing, vitamin D, phorbol ester, and cytokines (15, (22) (23) (24) (25) . During keratinocyte proliferation, growth factors trigger EGFR autophosphorylation, and this activates Ras signaling through Gab1 and its partner SHP-2. This signaling is required for the maintenance of epidermal MAPK activation in the keratinocytes. In addition, the MAPK signaling pathways modulate the IL-1 expression in human keratinocytes (22) and are involved in the re-epithelialization of fetal skin by the AP-1 transcription factor (24) .
Despite the ongoing research on the autocrine activation of ERK in terms of the keratinocytes biology, the questions on how the autocrine ERK signaling is regulated and how it contributes during the calcium-induced differentiation of normal human epidermal keratinocytes (NHEK) have not yet been solved.
In this study, we addressed the question whether the autocrine ERK activation was changed by the calcium-induced differentiation of the NHEK. We found that the calcium triggering did not affect the autocrine ERK activation. The autocrine ERK signaling might participate in controlling the cell cycle even under the condition of calcium triggering at the early stage rather than at the late stage.
MATERIALS AND METHODS

Cells culture
NHEK were purchased from Well Skin (Seoul, Korea) and then grown in keratinocyte growth medium (KGM, Cambrex Bioproducts, Walkersville, MD, U.S.A.) supplemented with 0.05 mM calcium, bovine pituitary extract (BPE), human epidermal growth factor (hEGF), insulin, hydrocortisone, and GA-1000. They were subcultured at 60-70% confluency into 60 mm dishes for the experiments. To obtain starved quiescent cells, the medium was changed to keratinocyte basal medium (KBM, without growth factors) 24 hr before stimulation. The cells were switched at 50-60% confluency to fresh KBM containing either 0.05 mM calcium (for the basal state) or 1.2 mM calcium (for to induce differentiation), and then they were cultured for the indicated times. For the inhibitor experiments, inhibitors were added to the medium 30 min before the calcium stimulation. All inhibitors were tested for their non-specific cytotoxicity on the cells using the CelltiterBlue cell viability assay kit (Promega, Madison, WI, U.S.A.).
Antibodies and reagents
Rabbit polyclonal anti-ERK and anti-phospho-ERK antibodies were purchased from Cell Signaling Technologies (Beverly, MA, U.S.A.). Mouse monoclonal anti-cyclin D1 and anti-p27 antibodies were purchased from BD Transduction Laboratories (San Diego, CA, U.S.A.), and the anti-loricrin antibodies were purchased from Covance (Richmond, VA, U.S.A.). The anti-involucrin antibody was obtained from Sigma-Aldrich (St. Louis, MO, U.S.A.). The inhibitors PD-98059, GF109203X, LY294002 and SB203580 were purchased from A.G. Scientific Co, Inc. (San Diego, CA, U.S.A.). PD158780, AG825 and GM6001 were purchased from Calbiochem (San Diego, CA, U.S.A.).
Western blotting
For the preparation of the cell lysates, the keratinocytes were washed twice with the cold phosphate-buffered saline (PBS) and then lysed in lysis buffer (20 mM Tris-Cl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100 and 10% glycerol). Equal amounts of protein (40 g) were separated by SDS-polyacrylamide gel electrophoresis and then blotted onto polyvinylidene fluoride membranes. The transferred membranes were immunoblotted with primary antibody in blocking buffer (20 mM Tris-HCl [pH 7.4], 150 mM NaCl, 0.1% Tween 20 and 5% nonfat dry milk) and then detected with horseradish peroxidase-coupled second antibody. Detection was performed using an ECL reaction kit (iNtron, Seoul, Korea) according to the manufacturer's instructions.
Enzyme-linked Immunosorbent Assay (ELISA)
The EGFR phosphorylation was quantitated using an EL-ISA kit (Biosource, Camarillo, CA, U.S.A.) according to the manufacturer's instruction. Briefly, each well was incubated with samples diluted 1:10 for 2 hr at room temperature. The wells were washed with wash buffer and then incubated with anti-Human EGFR [pY 1173] for 1 hr at room temperature. After the washing step, anti-rabbit IgG horseradish peroxidase (a 1:100 dilution in dilution buffer) was added and allowed to incubate for 30 min at room temperature. After washing the plate as described above, the stabilized chromogen was added. After 30 min incubation at room temperature in the dark, the color reaction was stopped by adding stop solution, and it was immediately read on the plate reader at a wavelength of 450 nm.
Ras activation assay
Ras activity was assessed using the Ras activation assay kit (Upstate Biotechnology, Charlottesville, VA, U.S.A.). Briefly, the cells were washed twice with ice-cold PBS and then lysed in 150 mL MLB buffer (125 mM HEPES, pH 7.5, 750 mM, NaCl, 5% Igepal CA-630, 10 mM MgCl2, 5 mM EDTA and 10% glycerol) containing protease and phosphatase inhibitors (Calbiochem, San Diego, CA, U.S.A.). After centrifugation at 14,000 g for 5 min, the cellular lysates containing 100 g/ mL protein were then incubated with 2 g/ L of the Raf-1 RBD agarose at 4℃ for 45 min. After washing three times with MLB buffer, the presence of the activated Ras (Ras-GTP) was detected by performing Western blotting with using an anti-Ras monoclonal antibody.
Flow cytometry
To evaluate the DNA content, the cells were fixed with 70% Ethanol after the indicated times and after stimulation with calcium or calcium plus PD98059. The fixed cells were then washed with Phosphate-buffered saline and incubated with propidium iodide for 30 min. The labeled cells were analyzed with a flow cytometer (FACS Vantage TM , Becton Dickinson, San Diego, CA, U.S.A.). The cell cycle distribution was analyzed by using ModFit LT software for Win32, (Verity Software House, Inc., Topsham, ME, U.S.A.).
RESULTS
Increased extracellular calcium did not interfere with the autocrine ERK activation
To examine whether the autocrine ERK activation is affected by calcium-induced differentiation in NHEK, we used either 0.05 mM (Fig. 1A ) or 1.2 mM (Fig. 1B) extracellular calcium for the basal or differentiated state of the NHEK, respectively. For the starved state, NHEK were incubated in KBM medium for 24 hr before the addition of calcium. As shown in Fig. 1 , the autocrine ERK activation of the NHEK was prominent at the zero time, and it disappeared at 15 min and reappeared 1-2 hr after the medium was changed, as was previously reported (14, 15) . It is intriguing that this autocrine ERK activation was sustained for at least for 1 day and was not interrupted during the calcium-induced differentiation (Fig. 1B) . Therefore, autocrine ERK activation was sustained for at least 1 day after changing the medium regardless of the calcium concentration; it then started to decline after 3 days. This result led us to raise questions about the role of autocrine ERK activation during the calcium-induced differentiation of NHEK.
First, we needed to confirm the effect of calcium on triggering the differentiation of keratinocytes, since the activation was not affected. We examined the expression levels of the cell cycle regulators and the markers for keratinocyte differentiation to assess the progress of differentiation. The cell cycle activator cyclin D1 was expressed for 1 day and then rapidly disappeared thereafter. In contrast, the cell cycle inhibitor p27, which is also induced by keratinocyte differentiation (26), began to appear at 3 days (Fig. 1C) . As expected, Fig. 1 . Autocrine extracellular signal-regulated kinase (ERK) activation of normal human epidermal keratinocytes (NHEK) during calcium-induced differentiation. NHEK were grown until 50% confluence in keratinocyte growth medium (KGM) medium. The cells were changed to basal medium (KBM, without growth factors) for 24 h and then transferred to fresh KBM with 0.05 mM calcium (A) or 1.2 mM calcium (B) for the indicated times. Each extract was then assayed for phospho-ERK or the total ERK by performing western blotting. The activated ERK was sustained for 1 day and it was not interrupted by calcium triggering and then started to decline after 3 days. (C) After the lysates were prepared the same way as (A) and (B), the lysates were then subjected to Western blotting with each of the antibodies indicated to the middle of the autoradiograms. For a comparison, we tested the expression of cell cycle regulators and differentiation markers in the conditions of 1.2 mM (left panel) and 0.05 mM (right panel) calcium concentration. Cell cycle regulators, cyclin D1 and p27 were expressed at the early stage and at the late stage of calcium-induced differentiation, respectively. The differentiation markers, involucrin and loricrin, were appropriately expressed. involucrin was expressed after the addition of calcium, and it was sustained for 5 days; the loricrin expression started at 5 days (Fig. 1C, left panels) . For a comparison, we tested the expression of cell cycle regulators and differentiation markers in the condition of basal (0.05 mM) calcium concentration. Generally, it has been known that keratinocytes, in the condition of starvation (deficient of growth factors), undergo growth arrest and express some differentiation markers because by the left to right sequence, respectively. The changes in the G0/G1 ratio between the presence and absence of PD98059 were higher at 1 day (-12%) than at 3 days (less than 2%). The data are representative of three independent experiments and represents the mean value±SEM of three independent experiments (p<0.05). (300 nM) (400 nM) Fig. 3 . Autocrine ERK activation during the calcium-induced differentiation was dependent on the Ras/EGFR signaling. (A) Normal human keratinocytes were starved for 24 hr and then pretreated the inhibitors, GM; GM6001 (40 M), PD; PD158780 (300 nM), and AG; AG825 (25 M) for 30 min, and then calcium was added to the medium (1.2 mM). After the lysates were prepared for the indicated times, they were subjected into Western blotting with anti-phospho ERK antibody. The autocrine ERK activation was dependent on the EGFR signaling. (B)
The extracts from cells pretreated with 200, 300 and 400 nM concentrations of PD158780, and a control without pretreatment were prepared; all were subjected to ELISA assay for phospho-EGFR as described in the materials and methods section. The incubation time in the presence of calcium was 1 day. The data represents the mean value±SEM of three independent experiments (p<0.05). (C) The same extracts used in the ELISA assay were used for the Ras activity assay. Representative data are presented from three independent experiments.
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other extracellular signal such as contact inhibition, starvation, detachment from matrix, and chemicals are known as differentiation inducers besides calcium. In our result, growth arrest was progressing and some differentiation markers expressed somewhat lately than calcium-induced differentiation like involucrin (Fig. 1C, right panels) and Keratin 10 (data not shown). These results confirmed that the calciuminduced differentiation of the NHEK had progressed along with the growth arrest and the expression of the differentiation markers. Therefore, we confirmed that the autocrine ERK activation was sustained and it was not interrupted, while the differentiation of the keratinocytes induced by calcium progressed.
Autocrine ERK activation was associated with cell cycle control during the early stage of calcium-induced differentiation
We examined the possible contribution of autocrine ERK on the differentiation of NHEK by using the MEK inhibitor PD98059, which resulted in the inhibition of ERK phosphorylation. During the early stage of the calcium-induced differentiation, at the time points of both 6 hr and one day after treatment, the expression of cyclin D1 was suppressed ( Fig. 2A) . Unexpectedly, however, the expression level of cyclin D1 was induced 3 days after treatment ( Fig. 2A) . By contrast, the expression of p27 was not altered after treatment (Fig. 2A) . These phenomena suggested that autocrine ERK activation was associated with the cell cycle regulators for cell proliferation at the early stage, but it was not at the late stage. Next, to address the relationship with keratinocyte differentiation, we examined the expression of involucrin and loricrin after treatment with PD98059. It was interesting that the pretreatment of PD98059 showed no significant effect. At each time point, the involucrin did not respond to the inhibition of MEK; however, the expression of loricrin was slightly increased after treatment with PD98059 at the time point showing the appearance of loricrin (Fig. 2A) . This result suggested that the autocrine ERK activation mainly played a role in the regulation of the cell cycle regulator rather than the expression of the differentiation markers.
We used flow cytometric analysis to examine the effect of PD98059 on the cell cycle of the NHEK. We compared the ratio of G0/G1, which means the population of cells entering the S phase, between the cells pretreated with PD98059 and the cells not pretreated with PD98059 plus high calcium concentrations for 1 day or 3 days. As shown in Fig. 2B , the changes in the G0/G1 ratio between the presence and absence of PD98059 were higher at 1 day (-12%) than at 3 days (less than 2%). These results suggested that the autocrine ERK activation controls the cell cycle at the early stage of differentiation. At later stages, autocrine ERK appears not to be associated with cell cycle regulation.
Autocrine ERK activation was dependent on the Ras/EGFR kinase activation during calcium-induced differentiation Kansra et al. (15) have suggested that the autocrine ERK activation in the NHEK is triggered by the signaling from the metalloproteinase-mediated release of amphiregulin through the Ras/EGFR signaling pathway. To understand the signaling pathway controlling the autocrine ERK activation during calcium-induced differentiation, we performed experiments using the Ras activation assay with inhibitors and ELISA for the activated EGFR. We chose three inhibitors: PD158780 (receptor tyrosine kinase inhibitor) to inhibit the ErbB1 autophosphorylation, GM6001 to inhibit metalloproteinase, and AG825 to inhibit ErbB2 phosphorylation. Pretreatment with the first 2 inhibitors showed reduced or nearly abolished levels of the autocrine ERK activation both 6 hr and 1 day after calcium treatment; however, AG825 did not show these results at either time points (Fig. 3A) . Next, we performed the ELISA assay for EGFR activation using the extracts at 1 day. As shown in Fig. 3B , the ELISA analysis of the phosphorylated EGFR showed that the functional EGF receptor was decreased in a dose dependent manner with the treatment using the inhibitor PD158780; this was observed while the calcium-induced differentiation progressed. The GTP bound Ras was also shown to be reduced on the Ras activity assay using the same extract used in EGFR activation assay (Fig. 3C) . These results suggested that the Ras/ EGFR signaling pathway also controlled autocrine ERK activation during the early stage of calcium-induced keratinocyte differentiation as well as the keratinocytes without calcium triggering.
Autocrine ERK activation was associated with PKC and p38MAPK signaling pathways
Complex signaling pathways are involved in controlling the differentiation of keratinocytes. Therefore, we examined whether the other signaling pathways affect autocrine ERK signaling during the calcium-induced differentiation by using inhibitors. We used the chemicals GF109203X for the inhibition of the protein kinase C (PKC) family, LY294002 for PI3K, and SB203580 for the p38 MAP kinase because these signaling pathways are well known for controlling the calcium-induced differentiation of NHEK. The autocrine ERK activity was not significantly changed after treatment with either GF109203X or LY294002 after 6 hr of incubation (less than 2-fold). However, SB203580 treatment resulted in reduced autocrine ERK activation (Fig. 4A) . On the other hand, after 1 day of incubation, both GF109203X and SB 203580 reduced the autocrine ERK activity (more than 3-fold) (Fig. 4B ). This result implied that autocrine ERK activity in the normal keratinocytes was associated with the PKC and p38 MAPK signaling pathways during the early stage of calcium-induced differentiation of NHEK.
DISCUSSION
The EGFR-dependent ERK signaling pathway plays a role in regulating differentiation, neoplastic transformation and directional migration (27) , as well as proliferation. NHEK secrete several ligands, in addition to EGF, and they autonomously stimulate cell proliferation through the Ras/Raf/ERK signaling pathways (11, 15, 28) . These findings suggested that NHEK could have a survival signaling pathway for coping with detrimental environmental conditions.
We were curious about how the autocrine ERK activation in the keratinocytes works under the condition of calciuminduced differentiation. From these experiments, first, we have shown that autocrine ERK activation was not interrupted by calcium-induced differentiation and this was sustained for at least 1 day regardless of calcium triggering (Fig. 1) . Second, in the early stage of differentiation, the suppression of autocrine ERK activation was observed to have an influence on the expression of cyclin D1 and cell growth (Fig. 2) . Third, autocrine ERK activation was also controlled by Ras/EGFR signaling and this was associated with PKC and p38 MAPK kinase signaling during calcium stimulation (Fig. 3, 4) . Schmidt et al. (29) have suggested that stimulation of keratinocytes with extracellular calcium resulted in the activation of ERK, which plays a role in the early stage differentiation of keratinocytes. This report would be the first to demonstrate the relationship between ERK activation and the calcium-induced differentiation of keratinocytes. However, there have been some discrepancies in terms of autocrine ERK activation. Based on the results of other studies, for the HaCaT cell line, the immortalized human keratinocytes did not show any strong autocrine ERK activation after growth factor deprivation. Nevertheless, many reports have shown significant autocrine ERK activation in the NHEK, primary human keratinocytes after starvation (14, 15) . Thus, we designed these experiments to determine the role of autocrine ERK activation in the NHEK under the condition of calciuminduced differentiation.
In particular, we noted that the autocrine ERK activation has a biphasic pattern in the early evaluations, after changing to fresh medium. The autocrine ERK activation rapidly declined at 15-30 min after medium change, and it reappeared at 1-2 hr. This phenomenon was also observed in previous reports (15, 30) . In our investigation, this pattern was only observed at all time points after changing the medium to the fresh medium (data not shown). This profiling was not affected by a calcium increase. We assumed that this biphasic pattern of the autocrine ERK activation was caused by a time laps after changing to fresh medium that did not include secreted EGFR ligands. Because the autocrine ERK activation was triggered by the ligands secreted autonomously by cell itself, the medium change could create the temporary lack of ligands in the medium.
It is known that ERK activation for cell proliferation controls the expression of cyclin D1 in keratinocytes (14) . We have found that before stimulation by calcium, the keratinocytes displayed detectable levels of cyclin D1 after 1 day of starvation, but the levels did not decline until 1 day after calcium stimulation. At 3 days, the cyclin D1 disappeared rapidly and p27 began to be expressed (Fig. 1) . The expression pattern of cyclin D1 coincided with the activation of autocrine ERK, and this was suppressed by the MEK inhibitor PD98059 (Fig. 2A) . Therefore, the autocrine ERK activation for cell survival was working on the regulation of the cyclin D1 expression before substantial differentiation, along with growth arrest, started. It is interesting that cyclin D1 was induced by treatment with PD98059 at the time point of 3 days (Fig. 2A) . We presumed that there would be a kind of negative regulatory system for suppressing the autocrine ERK activation at the late stage of calcium-induced differentiation. Further studies will be needed to examine this. The flow cytometric analysis showed that in the G0/G1 state, the cell population was increased by inhibition of autocrine ERK activation at 1 day after the increase of calcium, yet the increase declined at 3 days (Fig. 2B) . This meant that autocrine ERK activation might have a function in controlling the cell cycle at the early stage, but not at the late stage of calciuminduced differentiation. Taken together, these results suggest that NHEK need to stay in the cell survival state for certain a period of time after changing the environmental conditions, such as during starvation or calcium-induced differentiation.
As for the differentiation markers, autocrine ERK activation did not have any influence on the expression of involucrin and it had a slightly negative effect on loricrin. A slight inducing effect of PD98059 on the expression of loricrin was shown in the repeated experiments. Of course, we could not rule out the possibility of the fact that it has a different effect on other differentiation markers. However, this result is partially consistent with previous reports showing that ERK has a negative affect on keratinocyte differentiation (31), which also suggests a possible role for autocrine ERK activation on keratinocyte survival during differentiation. Therefore, we presume that the autocrine ERK activation plays a major role related with cell growth or survival at the early stage of calcium-induced differentiation of NHEK, and it is partially involved in the expression of differentiation markers at the late stage.
In conclusion, even though the basic roles of the autocrine ERK activation in keratinocytes have been suggested, the destination of this signaling during the condition of calciuminduced differentiation has not been investigated. Based on our results, we showed that the autocrine ERK activity was not interrupted by calcium triggering and it has an influence on controlling the cell cycle during the early stages of calcium-induced differentiation. The results also provide basic clues that the autocrine ERK activation in normal keratinocytes would be needed to keep the cells in the survival state while changing the cells' condition, such as during cell differentiation. In addition, we are currently performing further experiments to investigate the mechanisms of the regulation of the autocrine ERK activation, including the interactions with the other signaling pathways during the progress of differentiation.
